Background: Infant mortality rate (IMR) is regarded as an important indicator of population health. IMR rates vary substantially with the highest found in sub-Saharan Africa (SSA) compared to the lowest in Europe. Identifying spatial disparities in IMR and quantifying attributable risk factors is essential for policymakers when tailoring time-appropriate interventions at a global, regional, and country level.
Background
Infant mortality rate (IMR) is generally regarded as an important national indicator of health because it is particularly sensitive to general structural factors, like socioeconomic development and basic living conditions [1] . There has been a steady decline in global and regional IMR over the last century, with the exception of subSaharan Africa (SSA) which experienced a reversal in this trend from the late 1990s due to the HIV pandemic [2, 3] . Reducing infant mortality in line with Millennium Development Goal (MDG) 4 remains a key challenge [2] , especially given the large inter-regional variation of this indicator. The highest IMR can be found in SSA (75 infant deaths per 1000 live births), while lower rates are found in developed countries like Europe (11 infant deaths per 1000 live births) [4] . Inter-country variation is even greater between these two regions, where there is a 57-fold difference between Sierra Leone (SSA) with an IMR of 114, compared to Sweden with an IMR of 2 [4] . The differential levels of IMR underline the need to identify and target spatial hotspots of high mortality if MDG 4 goals are to be attained at a regional and global level.
Understanding the relative importance of IMR risk factors and how they vary by country and region is an essential tool for policymakers. Infant mortality can be attributed to a range of hierarchical determinants that include proximal (e.g., infectious), intermediate (e.g., water and sanitation), and distal (e.g., socio-economic status, education) factors [5] . Poor sanitation and unsafe drinking water, for example, are important intermediate determinants of IMR as a result of diarrhea [6] . More distal determinants, like low economic status and poor education, however, mediate less access to health care, as well as promote higher risk behavior [7] .
Attributable fractions (AF p ) are helpful tools for public health planning [8] and are often underutilized. Risk factor effects (e.g., relative risks or odds ratios) are insufficient in isolation as they do not take into account the fraction of a given population that is exposed to a given risk factor. AF p , often applied to mortality, estimate the proportion of deaths that can be ascribed to a particular risk exposure [8] . It is particularly important to establish the total effect (or population impact) of an attributable risk factor for IMR in order to prioritize interventions [9] that can effectively guide policymakers to target the largest risk factors in a given country or region. Furthermore, the validity of the AFp approach using adjusted regression coefficients in quantifying the relative importance of different factors against more commonly used decomposition approaches such as Shapley [10] is also of importance. The magnitude of the contribution from each factor may not be accurately estimated by the regression (e.g., residual confounding) leading to potentially over-or underestimated AFp estimates [11] . This is particularly relevant to ecological data, which cannot be disaggregated to show discrete exposure to each determinant. Also, variables not classified as a prevalence of exposure (i.e., proportion) are problematic, as the AFp cannot be directly calculated using traditional formulae [11] .
This study aimed to identify spatial hotspots for infant mortality in 2011, as well as quantify the attributability ("impact") of hierarchical determinants of infant mortality based on country-level prevalence's of exposure. The study also establishes temporal trends in attributability by factor and region as well as country for the period 1990-2011 and maps the most important or attributable factors in 2011 as a guide for policymakers to tailor interventions at a country level based on the latest estimates. In particular, the paper makes a contribution by using global country-level data to identify important factors, both regionally and nationally, to help sharpen policy guidance, as well as to monitor progress towards the relevant MDGs.
Methods

Data sources
Selected distal, intermediate, and proximate determinants for IMR that were based on existing literature [2, 5, 12] are illustrated in the adapted conceptual framework below (Figure 1 ). Country-level IMR and available hierarchical determinants, such as HIV prevalence, access to water and sanitation, female education, maternal Figure 1 Conceptual framework of the hierarchy of determinants for infant mortality. Adapted from [2, 5] . survival, gross domestic product (GDP) per capita based on midyear population (poverty proxy), out-of-pocket health expenditure (% of total expenditure on health), and vaccination coverage were extracted from the World Development Indicators (WDI) database for the period 1990-2011 [13] . A detailed list of the original source(s) for each of the indicators is provided in Table 1 below. Our dataset was restricted to the 192 countries that had complete IMR data for the period 1990-2011. This included 192 countries × 22 years (4224 observations per variable). The overall completeness of the selected indicators is indicated in Table 1 . The most complete predictor was lack of access to water (97.1% or 4102 observations) followed by Diphtheria-Pertussis-Tetanus (DPT) immunization at 24 months (96.6%), GDP (US$) per capita (95.5%), and lack of sanitation (93.0%). Data for female education were additionally sourced from Gakidou et al. [14] which compiled data for mean number of years of education for adults (25+) further stratified by gender for 175 countries for the years 1970, 1990, and 2009. We also sourced data for maternal mortality ratios from [15] , which compiled data for 181 countries for the years 1990, 1995, 2000, 2005, and 2010.
Other potentially important determinants (e.g., maternal mortality ratio, female education) contained a large proportion of missing values.
We attempted to improve the completeness of the covariate data listed in Table 1 (e.g., HIV prevalence etc.) by replacing missing observations within a given country with values predicted by a linear and/or non-linear temporal trend approach. For all covariates observed versus fitted values at observed data time points were compared to check whether a linear trend or non-linear (higher-order polynomial) was more appropriate.
Data analysis
We employed an ecological country-level generalized linear negative binomial modeling approach to estimate risk ratios (RR) for each determinant versus the IMR outcome. This was used instead of a Poisson approach as there was evidence of significant overdispersion in the data. The outcome variable was the count of infant deaths in a given country and year. We used number of live births in a given country and year as the offset in the model (Table 1) . Factors significant at the 10% level (p <0.1) in the bivariate regression were selected for inclusion into the final multivariable model. We used robust error variance in our model [16] and clustered on the unit of analysis (country) to correctly adjust the standard errors and not overestimate significance of the determinants. Multicollinearity was assessed using variance inflation factors (VIF), given that many of the predictors are likely to be highly correlated to one another.
As a general rule of thumb a variable whose VIF values are greater than 10 may affect the regression results [17] . We checked the individual and overall VIF of covariates included in the final multivariable model for the presence of potential multicollinearity.
We also assessed the degree to which country-level prevalence of exposure to a given variable (e.g., access to water and sanitation) impacted IMR. Population attributable fractions (AFp) are commonly calculated in terms of the prevalence of exposure (P e ) to a given risk factor in the population and the relative risk (RR) of the outcome for those exposed to that risk factor:
Given that AFp are susceptible to confounding (i.e., incorrect estimation of the RR when unadjusted) [11] , multivariable adjusted coefficients are preferred for use in the final AFp calculation and were used in this study. The 95% confidence limits for the coefficient was also useful for quantifying the range of AFp associated with a given determinant and were estimated. Furthermore, we estimated the relative contribution (importance) of each covariate based on the Shapley regression-based decomposition approach for distributional analysis [10] . This was compared to relevant AFps. Shapley estimates are presented in our results for reasons discussed earlier (see introduction) and also because the AFps did not correlate well with the calculated Shapley decomposition values e.g. contribution of out of pocket health expenditure appeared overestimated based the conventional AFp approach.
A local Moran's I statistic with Empirical Bayes (EB) rate adjustment (in this case infant deaths scaled by total live births) was used to identify the existence of significant spatial clustering of infant mortality incorporating threshold neighboring country contiguity. This EB approach was preferred as it better accounts for differences in underlying population density or heterogeneity (in this case differing denominators of live births in each country) [18] . Furthermore this approach allows more detailed classification of spatial clustering into four groups (high-high, high-low, low-high, and low-low) instead of two (high or low). GeoDa [19] implements the recommended EB standardization procedure in its global Moran scatter plot and LISA maps (i.e., standardization of the raw rates). However, for the identification of significant clustering (similarity) of high AFp, we used the Getis and Ord local G statistic (or Gi* statistic) [20, 21] , as the heterogeneous denominator issue does not apply (i.e., all scaled out of 100%). Significance was set at 5% after 99,999 iterations.
Software
The regression analysis was run in Stata 12.0 SE [22] . The spatial clustering analysis and mapping was performed using GeoDa [19] .
Results
Global and income category trends in IMR (1960-2011)
IMR declined steadily in all regions for the period 1960-2011, except for SSA where IMR reductions almost ceased during the late 1980s through to the 1990s (Figure 2a) . The gap between middle-and high-income countries (MIC-HIC) and low income countries (LIC) held constant until the 2000s, after which the gap between these two groups diminished (Figure 2a) . LIC IMR increased relative to HIC and MIC until the late 1990s, after which it has stabilized at a constant level (~10-and 1.6-fold higher, respectively) (Figure 2b ). This ratio increased markedly during the late 1990s when comparing LIC to HIC whereas the gap (ratio) between LIC and MIC appeared to decrease during this period.
Spatial distribution and clustering of IMR in 2011
IMR was markedly higher in Africa (especially SSA) and parts of central and Southeast Asia in 2011 (Figure 3a) . Significant spatial clustering of highsurrounded by high IMR was largely confined to sub-Saharan Africa (most of the region emerged as a high-risk cluster) with some countries in Central Asia, the Middle East, and Cuba (Figure 3b) one large focal hotspot area with other disseminated hot spots). Significant low-surrounded by low clustering was largely confined to Europe and was also observed in the United States.
Determinants of IMR and relative importance (Shapley decomposition value) of each A summary of the determinants included in our analysis is presented in Table 2 .
Following multivariable adjustment, increasing HIV prevalence among adults aged 15 to 49 years was associated with the highest adjusted relative risk (IRR =1.033, p <0.001), followed by out-of-pocket health expenditure (IRR =1.006, p <0.001) and increasing lack of access to sanitation (IRR =1.004, p =0.026) (see Table 3 ). Increasing lack of access to water and increasing proportion of children not immunized against DPT were marginally significant following multivariable adjustment. Increasing GDP per capita (in US$) and mean number of education years amongst females aged 25+ were associated with a significant lowering of IMR. Out-of-pocket health expenditure (%) 32. Based on prevalence of exposure and risk coefficient, the most attributable (or important) factor overall was maternal mortality ( Table 3 ). The Shapley decomposition value for this factor was 22.4%. This is followed by a lack of access to sanitation (13.1%), female education (11.0%), adolescent fertility (10.9%), lack of immunization (10.7%), and lack of access to water (10.6%). HIV, GDP per capita, and out-of-pocket health expense appeared to be the "least" important based on the Shapley decomposition values for the examined determinants.
Furthermore, as illustrated in Figure 4 , maternal mortality and lack of access to sanitation or water were the most important factor in 100 countries globally. Lack of sanitation appeared to the most prominent factor in Central-South America while a more heterogeneous mixture of the three factors described above were observed in SSA and Eastern Europe-Asia. HIV prevalence appeared to be the least important factor at a global level based on the determinant Shapley decomposition values (Table 3) . However, at a country level, HIV in Southern Africa remains the most high-impact and spatially concentrated determinant of IMR (see Appendix 1 for additional analyses). Variation and significant spatial concentration of Shapley decomposition values for other selected determinants included in the model and by individual countries can be found in Appendix 1. Temporal trends in relative importance of determinantsglobally and by continent Figure 5 displays the temporal trends in the relative importance (decomposition values) of the determinants of IMR both globally and by continent. Globally and more specifically in Africa, the Americas, and Asia, maternal mortality appeared to be the most important determinant (accounted for more R 2 ), and this increased over the study period. Lack of sanitation featured prominently and appeared to be the secondmost important determinant globally and specifically in the Americas and Asia. In Africa lack of water appeared to be the secondary determinant. In Europe, out-of-pocket health expenditure appeared to replace maternal mortality as the most important determinant toward the end of the study period, in contrast to the global trend.
In terms of temporal trends in relative importance at a global level, out-of-pocket health expenditure, lack of immunization, and adolescent fertility appeared to significantly decrease in relative importance over the study period. Conversely, maternal mortality and lack of access to sanitation and water appeared to increase in relative importance at the global level. HIV appeared to increase in relative importance in the late 1990s and early 2000s but appeared to start declining from 2009.
Potential underestimation of IMR in 2011
The predicted IMR (and standard error of the prediction) from the multivariable model (Table 3) suggests that IMR may have been significantly underreported (or underestimated) in a number of countries ( Figure 6 -ordered by modeled descending IMR level), many of which were in Africa, which have known data limitations. The largest potential underestimation based on the largest absolute difference (predicted-observed IMR) was predicted in Chad (+62), followed by Tanzania (+26), Guinea (+23), Yemen (+20), and Mozambique (+19).
Discussion
Usefulness of the proposed approach for global policymakers
Little attention has been given to using secondary data to identify spatial differences and clustering in IMR and related determinants, or to the estimation of modifiable determinants and their changes. This lack of attention is especially surprising given the prominence of IMR as a policy issue in the MDG 4 objectives. A study by Black et al. [23] suggested that a "better understanding of child health epidemiology could contribute to more effective approaches to saving children's lives". The approach utilized in our study can more effectively help guide resources at a global and country level. The proposed framework is also easily adaptable to mortality in other age groups and for other health outcomes, as illustrated in other studies [24] . The framework, however, would require validation and comparison with existing frameworks, such as the Lives Saved Tool (LiST) [25] , to confirm its potential routine utility. 
Global secondary data exploitation
Secondary data can be used to help inform the policymaking process with respect to the global incidence of IMR and its associated determinants [2, 12] . This study improves on previous work by including spatial inference to identify significant clustering of IMR and associated determinants that can be used to inform regional policy initiatives. It also uses attributable fractions to identify and estimate high-impact determinants that can be targeted at the country level and includes a temporal change component to assist guide time-appropriate policy decisions.
Burden and spatial distribution of IMR
The highest burden of infant mortality is observed in SSA, and this is in line with previous studies [23] . A high burden of infant mortality is also observed in central-South Asia. Previous studies have demonstrated that the burden of child mortality is highly concentred in these regions, as well as illustrating the relative gap between low-and middle-to-high-income countries [23] . Causes of infant death differ substantially from country to country, further highlighting the need to expand our understanding of infant health epidemiology at a country level rather than in larger geopolitical regions.
There is, however, substantial variation in death rates within these and other regions, further suggesting that the planning of health interventions should take place at a country level [23] . Black et al., [23] , however, suggest that interventions for (more) homogeneous groups of countries are a feasible option when incomplete and/ or unreliable data are available (as is the case for many countries).
Important modifiable determinants of IMR
Increasing political attention to address inequalities in IMR needs to be accompanied by more scientific-based evidence on the contribution of specific determinants and ways to ensure that interventions reach vulnerable groups [26] . Little is known about the relative contribution of the different hierarchical determinants of IMR and its inequality, nor with regards to the impact of country-and global-level determinants. Development of interventions or priority areas for infant mortality requires an understanding of the associated determinants [23] and how the prevalence of these determinants varies from country to country. Population attributable fractions and/or decomposition values such as Shapley [10] are useful to help guide policymakers in planning public health interventions when selecting "high-impact" risk factors, [27] as demonstrated in this study.
Maternal mortality (survival) emerged as a significant and the most prominent (based on decomposition value) determinant of infant mortality based on our analyses. This has been demonstrated extensively in previous literature, for example [28] [29] [30] , and is both a result of direct (e.g., vertical HIV transmission) and indirect (e.g., loss of primary caregiver, negative impact on household income) effects. Furthermore the relative importance of this determinant appeared to increase over the study period. Policymakers should take action to address this seemingly key determinant in focal countries if further progress toward reducing infant mortality in line with MDG 4 is to be made. Spatial inference suggests that SSA may be important to target first in reducing maternal mortality as a key determinant of infant mortality in the region and globally.
Unhygienic environments place infants and children at greater risk of mortality. Drinking unclean water, using unclean water for hygiene, and a lack of proper sanitation are known risk factors for infant and child mortality [6, 23] . Our study has confirmed that lack of sanitation and clean water remain highly prominent and attributable causes of infant mortality at a global-regional level, as well as at a country level as illustrated in previous studies [31] . Central-South America emerged as focal hotspot for lack of sanitation as a primary determinant of infant mortality (Figure 4 ). Spatial concentrations of high decomposition values for lack of access to water or sanitation showed almost identical spatial distributions (i.e., a duel hygiene problem) and were observed in SSA, South America, and Central Asia. Furthermore, given the increase in relative importance of the lack of access to water and sanitation over the study period (Figure 6 ), this suggests that there is still much room for improvement in the provision of hygienic environments for infants and young children in many countries.
The protective association between increasing maternal education (proxied by female education years in our study) and infant mortality has been described in previous literature [32] . This is likely a result of better birth spacing (i.e., longer birth intervals) [32] , better awareness and utilization of prenatal care and health services [33] , and higher income, which improves infants' health through the ability to purchase goods and services [34] .
Interestingly, out-of-pocket health expenditure emerged as a significant and highly attributable determinant of infant mortality in Europe. A recent study assessing health system determinants of infant mortality also found out-of-pocket health expenditure to be a significant determinant following multivariable adjustment [12] . This is attributed to a weak health financing system that cannot function without the additional cushion of out-of-pocket costs. This has both a direct and indirect impact on increasing the risk of adverse infant and child outcomes. The direct effect of these medical costs is evident and households often then borrow or sell assets. The loss of income from sick family members constitutes the indirect effect [35] .
The assessment of temporal changes in IMR and the attributability of its associated determinants is important as neither is static, and time-appropriate policy decision-making is critical. Our study suggests that improvements have been made with regards to infant mortality attributed to health service provision (DPT immunisation coverage and out-of-pocket health expenditure) and young mothers (adolescent fertility), as suggested by a decreasing importance of these determinants. However, significant levels of IMR attributable to these factors still remain. Lapses in efforts to reduce infant mortality and associated contributing factors can lead to a slowing of and even a reversal of the decline in mortality rates in coming years.
Underestimation of IMR
Our model suggests that significant underestimation (underreporting) of IMR occurred in some countries, particularly in SSA. Reliable infant and child mortality data are critical for planning health interventions and assessing progress, yet such data are often not available or reliable in developing countries [36] , especially in SSA [37] . This study also makes a contribution by more accurately estimating IMR in the presence of underreporting in areas with known higher IMR risk that have poor data sources. This has a definite application to other MDG health outcome indicators when estimating "true" progress.
Limitations
Much of the WDI data comes from individual member countries and is compiled by internationally recognized organizations [13] . However, the quality of global data still depends on how well the individual national systems perform. We therefore cannot discount that differential data quality by country may have affected our findings. The World Bank has worked to help developing countries improve national statistical systems and hence the quality of their data. Therefore, changes in data quality with time may also affect the observed temporal trends. Substantial missing data for certain key indicators (e.g., maternal survival, female education) not included in our model is also a limitation, and the confounding influence of these potential high impact determinants was not adjusted for. Lastly, given the use of an ecological study design, caution should be taken when making direct causal inferences (the so called "ecological fallacy"). AFp can be incorrectly overestimated if confounding is not taken into account (i.e., risk coefficients can be overestimated) [11] . This can occur for the formula used in this study if unadjusted risk coefficients are utilized. We have tried to limit this potential bias by use of multivariable adjusted risk coefficients. A recent study based on data from 137 countries suggested that suboptimal breastfeeding may rank higher as a risk factor for child mortality than poor water and sanitation [38] . Thus we cannot also discount the potential impact (or contribution) of such a missing indicator in our analyses. Future applications of our proposed framework should include this and other potentially key missing indicators.
Conclusions
This study contributes to our understanding of the global burden of infant mortality and disaggregation to the country level with regards to associated highimpact determinants for policy tailoring. Maternal mortality (survival) appeared to be the most prominent risk factor for infant mortality, followed by lack of access to sanitation, female education, and lack of access to water. Substantial heterogeneity exists across regions and countries with regards to the most important factor. The model also suggests that there is potentially significant underestimation of IMR in regions known for poorer data quality. The framework will potentially aid policymakers in retailoring time-appropriate interventions to more effectively reduce IMR and associated high-risk indicators in the post-Millennium Development Goal era and thus potentially build on momentum garnered for associated determinants during this era. In general significant clustering of high attributability (decomposition values) for all selected determinants was observed (Figure 7a-d below) , especially in SSA in general.
HIV: significant concentration of high decomposition values for HIV was concentrated in SSA (Figure 7a) .
Lack of Sanitation: African countries again showed the highest attributably of IMR due to lack of sanitation (Figure 7b ), as well as strong spatial clustering of high decomposition values due lack of sanitation. However, high and significant spatial clustering attributably due to sanitation was also in South America and parts of Central Asia. 
